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The possible formation of stellar-mass binary black holes through dynamical interactions in dense stellar en-
vironments predicts the existence of binaries with non-negligible eccentricity in the frequency band of ground-
based gravitational wave detectors; the detection of binary black hole mergers with measurable orbital eccentric-
ity would validate the existence of this formation channel. Waveform templates currently used in the matched-
filter gravitational-wave searches of LIGO-Virgo data neglect effects of eccentricity which is expected to re-
duce their efficiency to detect eccentric binary black holes. Meanwhile, the sensitivity of coherent unmodeled
gravitational-wave searches (with minimal assumptions about the signal model) have been shown to be largely
unaffected by the presence of even sizable orbital eccentricity. In this paper, we compare the performance of
two state-of-the-art search algorithms recently used by LIGO and Virgo to search for binary black holes in the
second Observing Run (O2), quantifying their search sensitivity by injecting numerical-relativity simulations
of inspiral-merger-ringdown eccentric waveforms into O2 LIGO data. Our results show that the matched-filter
search PyCBC performs better than the unmodeled search cWB for the high chirp mass (> 20M) and low
eccentricity region (e30Hz < 0.3) of parameter space. For moderate eccentricities and low chirp mass, on the
other hand, the unmodeled search is more sensitive than the modeled search.
PACS numbers: 04.25.Dg, 04.25.Nx, 04.30.Db, 04.30.Tv
I. INTRODUCTION
The number of detections of gravitational wave (GW) sig-
nals has steeply increased from the first and second Observing
runs (O1/O2) of Advanced LIGO and Advanced Virgo [1] to
the third Observing run (O3), where tens of GW candidates
have already been recorded [2–5]. So far, all GW detections
of binary black holes (BBHs) are consistent with signals emit-
ted from quasicircular binaries [6, 7].
Generally, two main scenarios can be considered regarding
possible formation channels for BBH mergers: 1) isolated bi-
nary evolution [8–11], during which BBHs shed their forma-
tion eccentricity through GW emission and have circularized
by the time they enter the frequency band of the ground-based
detectors [12, 13]; 2) binaries dynamically formed in dense
stellar environments like globular clusters and active galactic
nuclei [14–18], which may still retain a significant eccentric-
ity by the time they enter the frequency band of the Advanced
LIGO [19] and Advanced Virgo [20] detectors. Although both
formation channels (and their different astrophysical scenar-
ios) predict BBH mergers with distinct distributions of masses
and spins [21–24], the model uncertainties —as well as the
low statistics due to the limited number of GW detections
—do not permit to set tight constraints on BBH formation sce-
narios from the mass and spin distributions alone.
Dynamical BBH formation, however, is distinctly char-
acterized by the potential existence of binaries with non-
negligible eccentricity in the frequency band of the ground-
based detectors, which were formed through dynamical cap-
ture at very close separations (without time to circularize be-
fore merger) or through a dynamical process that increased
the eccentricity of the binary (e.g. Kozai-Lidov oscillations
[25, 26]). The detection of a GW signal with an unambiguous
signature of non-negligible orbital eccentricity would there-
fore confirm the dynamical formation channel for BBHs and
provide information about possible formation mechanisms
and the astrophysical environments of such sources.
In order to be able to confidently detect eccentric binary
black hole signals it is necessary to assess the sensitivity of the
pipelines used to search for such signals. As a consequence
several studies have analysed the sensitivity of different search
pipelines to eccentric compact binary mergers over data from
O1 and O2 Advanced LIGO and Advanced Virgo observing
runs [27–29].
In this paper we quantify the sensitivity of two differ-
ent gravitational-wave search pipelines to eccentric inspiral-
merger-ringdown (IMR) signals calculated from numerical
relativity (NR) simulations. The two search pipelines are: 1)
the template-based PyCBC algorithm [30, 31], and 2) the un-
modeled coherent WaveBurst (cWB) algorithm [32, 33]. We
study the sensitivity of the pipelines with increasing eccen-
tricity of the signal for three different mass ratios q = 1, 2, 4,
with q = m1/m2 > 1 and m1, m2 the component masses of
the binary. Furthermore, for mass ratio q = 1 we inject ec-
centric simulations with increasing dimensionless component
spins |~χi| ≤ 0.75 (aligned with the orbital angular momentum
of the system), where ~χi = ~S i/m2i and ~S i the spin vector of
the i-component, with i = 1, 2. Due to the restricted length of
the NR simulations the waveforms are injected at a start fre-
quency of 30Hz, and the eccentricity is consistently defined at
that frequency according to the procedure detailed in Sec. II.
The paper is organised as follows: In Sec. II we provide
details about the IMR NR eccentric waveforms used in this
work. In Sec. III we briefly summarize the two search al-
gorithms considered in this study, the template-based search
PyCBC and the un-modeled search, cWB. We present in Sec.
IV the results of the sensitivity estimates of both studied
pipelines. We conclude in Sec. V discussing the results ob-
tained and reporting our conclusions.
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2II. ECCENTRIC BINARY BLACK HOLES
The gravitational wave signals emitted from generic binary
black holes are described by 17 parameters [34]. The parame-
ters of a binary can be separated into 10 intrinsic parameters,
i.e. properties of the emitting source, and 7 extrinsic parame-
ters, describing the position of the source in the detector sky.
The intrinsic parameters are the two component masses mi,
the six dimensionless spin vectors ~χi = ~S i/m2i , the eccentric-
ity parameter e, and the argument of the periapsis Ω. Another
useful mass parameter in gravitational wave data analysis is
the chirp massM of a binary with masses m1 and m2, which
is defined asM ≡ (m1m2)3/5(m1 + m2)−1/5.
The extrinsic parameters are the luminosity distance dL, the
azimuthal angle ϕ, the inclination ι, the time of coalescence
tc, the polarization angle ψ, the right ascension φ and the dec-
lination θ. The strain induced in a gravitational wave detector
can be written in terms of these parameters as [35, 36]
h(t, ζ,Θ) = F+(θ, φ, ψ) h+(t − tc; ι, ϕ, ζ)
+ F×(θ, φ, ψ) h×(t − tc; ι, ϕ, ζ), (2.1)
where F+, F× are the antenna pattern functions, and Θ =
{tc, r, θ, ϕ, ψ, ι, ϕ} and ζ = {m1,m2, ~S 1, ~S 2, e,Ω} represent the
sets of extrinsic and intrinsic parameters, respectively. The
gravitational wave polarizations (h+, h×) appearing in the de-
tector response can be expressed as a complex waveform
strain
h(t) = h+ − ih× =
∞∑
l=2
l∑
m=−l
Y−2lm (ι, ϕ)hlm(t − tc; ζ), (2.2)
where hlm are the (l,m) waveform modes and Y−2lm (ι, ϕ) the
spherical harmonics of spin-weight −2.
A. Numerical Relativity data set
In this work we inject eccentric NR waveforms produced
with the open-source EinsteinToolkit (ET) code [37, 38] and
the SpEc code [39]. The ET waveforms were presented in
[40], and the SXS ones in [41]. The injected waveforms
are displayed in Table I, where we show for each simu-
lation its identifier (ID, an integer number), the simulation
name, mass ratio, z-components of the dimensionless spin
vectors (χ1,z, χ2,z) and the initial eccentricity measured with
the method developed in [40].
The injected data set is chosen with the following crite-
ria: simulations with IDs 1 − 4 are equal mass non-spinning
cases which serve as control cases because eccentric equal
mass non-spinning binaries have already been studied in the
literature [42], while simulations with IDs 5 − 10 extend the
equal mass case to the spinning sector. Finally, simulation sets
11−14 and 15−17 allow to test the efficiency of the pipelines
at higher mass ratios without including spin effects.
The eccentricity parameter describes the ellipticity of the
binary’s orbit, values close to 0 indicate a quasi-circular evo-
lution while values close to 1 represent an almost head-on col-
ID Simulation q χ1,z χ2,z eNR0
1 SXS:BBH:1356 1. 0. 0. 0.09
2 SXS:BBH:1360 1. 0. 0. 0.15
3 SXS:BBH:1363 1. 0. 0. 0.23
4 Eccq1. 0. 0. et0.5 D27 1. 0. 0. 0.30
5 Eccq1. -0.25 -0.25 et0.1 D14 1. −0.25 −0.25 0.07
6 Eccq1. -0.5 -0.5 et0.1 D13 1. −0.5 −0.5 0.07
7 Eccq1. -0.75 -0.75 et0.1 D13 1. −0.75 −0.75 0.08
8 Eccq1. 0.25 0.25 et0.2 D16 1. 0.25 0.25 0.12
9 Eccq1. 0.5 0.5 et0.2 D15 1. 0.5 0.5 0.12
10 Eccq1. 0.75 0.75 et0.2 D15 1. 0.75 0.75 0.12
11 SXS:BBH:1365 2. 0. 0. 0.06
13 Eccq2. 0. 0. et0.2 D16 2. 0. 0. 0.14
12 SXS:BBH:1369 2. 0. 0. 0.20
14 Eccq2. 0. 0. et0.5 D26 2. 0. 0. 0.30
15 Eccq4. 0. 0. et0.1 D12 4. 0. 0. 0.07
16 Eccq4. 0. 0. et0.2 D15 4. 0. 0. 0.14
17 Eccq4. 0. 0. et0.5 D27.5 4. 0. 0. 0.30
Table I: Summary of the injected NR simulations. The first column
denotes the identifier of the simulation, the second column indicates
the name of the simulation as presented in [40, 41]. Next columns
show the mass ratio, z-component of the dimensionless spin vectors
and the initial NR eccentricity as measured using the procedure de-
tailed in [40].
lision. In general relativity the eccentricity is a gauge depen-
dent quantity. As a consequence, a plethora of eccentricity
estimators have been developed to measure the eccentricity
in numerical relativity simulations [43–49]. Eccentricity es-
timators are combinations of dynamical or wave quantities,
like the orbital frequency of the binary, the orbital separation,
the gravitational wave frequency of the (2, 2) mode, etc., mea-
suring the relative oscillations in those quantities due to ec-
centricity. In this work we measure the eccentricity from the
gravitational wave frequency of the h22 mode, ω22, following
the procedures of [40]. We remark that the eccentricities pre-
sented in Table I are measured from the gravitational wave
frequency and their values differ from those presented in [40]
as they were calculated there using the orbital frequency com-
puted from the trajectories of the black holes.
In the top panel of Fig. 1 we show the time evolution of the
eccentricity of the simulation with ID 17 in Table I. Moreover,
we choose the end of the inspiral given by the minimum en-
ergy circular orbit (MECO) [50], and explicitly set the eccen-
tricity to zero from the MECO time onwards as at that point
the eccentricity is so small which is practically zero.
In this study we are interested in injecting the waveforms
presented in Table I at a certain detector frequency and for a
certain total mass distribution. The modification of the total
mass of the system implies a change in length of the wave-
form within the frequency band of the detector, as a conse-
quence different total masses imply also different initial ec-
centricities, as one can appreciate from the top panel of Fig.
1, which shows the eccentricity as a monotonically decaying
3function as the binary evolves. One possible solution might
be to express the eccentricity measured from the NR simula-
tion as a function of gravitational wave frequency of the 22-
mode scaled by the total mass of the system, 2piM f22 = Mω22,
approximate the value of the injection frequency by the fre-
quency of the 22-mode, f22 ≈ fGW, and construct a function
e(M fGW) which would provide the value of the eccentricity
at a certain total mass for a given injection frequency. How-
ever, in the eccentric case the gravitational wave frequency is
a non-monotonic function due to the asymmetric gravitational
interaction along the orbit of the binary as one can observe in
the mid panel of Fig. 1, where the time domain frequency of
the 22-mode for the eccentric simulation with ID 17 from Ta-
ble I and the frequency of the quasicircular IMRPhenomT [51]
waveform model for the same configuration are displayed. We
note that after the MECO time both curves converge indicat-
ing circularization of the eccentric system at merger.
One possibility for the definition of the eccentricity as a
function of a monotonically increasing frequency is to con-
sider the post-Newtonian (PN) approximation, and use the
Radiation Reaction (RR) equations [52] for the PN parame-
ter, x, which can be written in terms of the orbital frequency,
x = ω2/3, and the temporal eccentricity1 et. The RR equations
are ordinary differential equations for the temporal evolutions
of x and et, derived from the angular momentum and gravita-
tional wave energy fluxes [52]. In practice, in the RR equa-
tion for et one could replace it by the eccentricity measured
from the NR simulation and solve the differential equation for
x˙. However, we find that this procedure does not work satis-
factorily, as we have checked that the RR equations show a
divergent behavior before the MECO time in some cases, in-
dicating the breakdown of the post-Newtonian approximation.
Therefore, we decide to take the gravitational wave frequency
of IMRPhenomT and combine it with the eccentricity mea-
sured from the simulation to construct the function eNR(M f22).
The outcome of such a calculation for the simulation with ID
17 in Table I is shown in the bottom plot of Fig. 1. Hence,
given an injection with total mass MT and an injection fre-
quency of fGW , we can compute the eccentricity at that fre-
quency and total mass as
einj = eNR(MT fGW ). (2.3)
We note that we focus only on the eccentricity parameter as
the initial argument of the periapsis2 in the non-precessing
case acts as an initial phase during the inspiral. Its main im-
pact is in the morphology of the waveform at plunge, whose
detailed study would require going beyond the maximum total
mass considered in this communication (MT > 100M). We
leave for future work analyzing such high total mass regime.
Finally, in Fig. 2 we plot the time evolution of the GW po-
larization state hx(t) for non-spinning, eccentric stellar-mass
1 We recall that within the quasi-Keplerian parametrization [53, 54] one de-
fines three eccentricities, et , er and eφ, which can be related to each other
by PN expressions. We refer the reader to [52] for details.
2 Also called initial mean anomaly in the quasi-Keplerian parametrization
[53, 54].
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Figure 1: Top panel: Time domain evolution of the eccentricity esti-
mated from the eccentric NR simulation with ID 17 in Table I. Mid
panel: Time domain 22-mode gravitational wave frequencies of the
eccentric case with ID 17 from Table I and of the quasicircular IM-
RPhenomT waveform model, highlighted in blue and green colors
respectively. Bottom panel: Eccentricity as a function of the gravita-
tional frequency of the (2, 2) mode for the same configuration as in
the upper panel. With vertical lines in the top and bottom plots we
have highlighted the MECO time and frequency, respectively.
binary black holes with total mass MT = 50M and mass
ratio q = 2, provided by numerical-relativity simulations.
The characteristic orbital eccentricity of the system —defined
at a reference frequency of 30Hz —is estimated to be 0.05
(in blue, simulation ID 11) and 0.23 (in orange, simulation
ID 14), respectively. The time-domain waveforms clearly
demonstrate the effects of increasing initial orbital eccentric-
4Figure 2: Temporal evolution of the GW polarization state hx(t) for
non-spinning, eccentric stellar-mass binary black holes with total
mass MT = 50M and mass ratio q = 2, provided by numerical-
relativity simulations. The characteristic orbital eccentricity of the
system —defined at a reference frequency of 30Hz —is estimated to
be 0.05 (in blue, simulation ID 11) and 0.23 (in orange, simulation
ID 14), respectively.
ity: rapid dephasing, as well as pronounced amplitude modu-
lations due to the advance of the periastron.
III. ANALYSIS
A. Data
The data set used to conduct this study is part of the O2 Data
Release through the Gravitational Wave Open Science Cen-
ter [55]. This covers approximately ≈ 5 days of the coincident
data between LIGO Livingston and LIGO Hanford between
UTC Interval 2017-02-28 16:30:00 - 2017-03-10 13:35:00.
Times with significant instrumental disturbances have been
removed from the time period considered here [56, 57]. We
consider two search algorithms, PyCBC and cWB, which are
described in the following sections.
B. PyCBC : The matched filter algorithm
PyCBC is a search pipeline devised to detect GWs from
compact binary coalescences using the PyCBC software pack-
age [58]. In this work we have employed the PyCBC search
algorithm in a similar configuration as was used for the first
catalogue of gravitational waves transients GWTC-1 [1]. For
details of the algorithm see [31, 58–61].
In the PyCBC analysis presented here the template bank de-
scribed in [62] is used. This bank covers binary systems with
a total mass between 2M and 500M and mass ratios q < 98.
Binary components with masses below 2M are assumed to
be neutron stars with a maximum dimensionless spin mag-
nitude of 0.05; otherwise the maximum dimensionless spin
magnitude is 0.998. This template bank includes no effects of
eccentric orbits.
In a previous study it has been found that a quasicircular
bank does not provide a good match for searching binaries
with eccentric orbits [63]. Furthermore, it is known that the
signal morphology of the eccentric BBH is orthogonal to the
aligned-spin quasicircular BBH [64]. As a consequence the
template bank, which is restricted to the dominant harmonic of
quasicircular non-precessing waveforms, becomes ineffective
for searching eccentric BBH with high eccentricities.
The way eccentricity affects the matched-filter search by a
quasicircular template bank is twofold, first the collection of
matched filtered signal-to-noise ratio (SNR) is reduced as a
function of eccentricity (this can be quantified by studying the
overlap of eccentric and quasicircular waveforms), second the
signal-based χ2 veto [59] used for weighting the single detec-
tor SNR to compute the rank also penalizes the final detection
statistics of the search.
C. cWB : The un-modeled search algorithm
The cWB search pipeline [27, 32, 33] is designed to detect
and reconstruct short-lived signals which are weakly modeled
or unmodeled using a network of GW detectors [33], but is
also effective for signals with a known morphology, as is the
case of BBH events reported in GWTC-1 [1].
The configuration of cWB used in this work is the same
as used in the GWTC-1 catalog. We refer the reader to
[27, 28, 32, 33, 65] for details of the detection process in cWB.
The lack of a template bank for binary black holes in eccen-
tric orbits, which could be used by matched filter pipelines,
motivated the use of cWB as a robust tool to search eccentric
BBH signals during the first and second observing runs of the
LIGO and Virgo detectors [28].
The cWB search pipeline performs worse than matched-
filter pipelines in the case the signal is well recovered by the
template bank. In this case matched-filtering would indeed be
the optimal method for Gaussian and stationary noise (these
simplifications do however not apply to actual LIGO noise).
The sensitivity of cWB significantly improves in parts of the
parameter space where the template bank does not faithfully
reproduce the incoming signal. In an earlier version of cWB,
its search sensitivity was found to have almost no dependency
on eccentricity [27]. This was also confirmed in the latest re-
sults for observing runs O1 and O2 of the LIGO and Virgo
detectors [28]. As a weakly modelled search cWB is more
affected by the background noise and hence has a lower sen-
sitivity as compared to matched filter searches for known sig-
nals. Nevertheless cWB has been found to provide a valuable
complementarity to matched filter searches to detect signals
which are outside the template bank, as in the case of eccen-
tric BBH signals [27] or intermediate mass BBH signals [66].
5Figure 3: Top row: The left and right panel show the sensitivity range for the cWB and PyCBC search pipelines for various chirp mass bins
as a function of eccentricity defined at 30Hz at an IFAR > 10 years, respectively. Bottom row: The left and right panels display the sensitivity
range for the cWB and PyCBC search pipeline for various chirp mass bins as a function of eccentricity defined at 30Hz at an IFAR > 100
years, respectively. The plot markers are placed in the center of the eccentricity bins.
IV. SEARCH SENSITIVITY
A. Visible range
The visible range for a given source parameters is cal-
culated by injecting simulated waveforms into the data [31,
32, 61]. The False Alarm Rate (FAR) is a statistic measur-
ing the frequency with which the search would rank non-
astrophysical events with a detection statistic comparable to
the one of a candidate event. In practice, each recovered sig-
nal is assigned an inverse false alarm rate (IFAR=1/FAR) ac-
cording to its detection statistic. Then, one can compute for
each bin of the source parameters the visible volume over a
certain IFAR threshold. For a generic binary, the sensitive
volume V of a network of detectors with a given sensitivity
can be defined as
V(ξ) =
∫ ∞
0
f (z|ξ)dVc
dz
1
1 + z
dz, (4.1)
where f (z|ξ) is the detection probability of a binary with a
given parameter set ξ at redshift z, averaged over the extrinsic
binary orientation parameters [67]. In Eq. (4.1) the sensitivity
is assumed to be constant over the observing time, Tobs, which
is why we have chosen the specific chunk of O2 data where
sensitivity was almost uniform.
Given a population with parameters θ, the total observed
volume can be computed as
Vθ =
∫
ξ
p(ξ|θ)V(ξ) dξ, (4.2)
where p(ξ|θ) describes the underlying distribution of the in-
trinsic parameters. The visible range can be then estimated as
the radius of the visible volume.
The sensitivity of GW searches is a strongly dependent
function of the binary chirp mass and distance, and it also
varies with spin. We also note that the eccentricity can be
a relevant factor depending on the pipeline used to conduct
the search. Thus, we have mainly chosen chirp mass bin-
ning to study the impact of eccentricity on visible range as
it shows more clearly the dependence of the search sensitivity
than other parameters, like the total mass.
6B. Injection set
The injection set used in this study is composed of the
NR waveforms listed in Table I. As a consequence, injections
have fixed spin vectors and mass ratio values corresponding
to those of the NR waveforms. Nonetheless, the total mass
of the system acts as a scale parameter which can be freely
specified, subject only to consistency with the length of the
NR waveforms such that the injected signals start at the spec-
ified starting frequency in the band of the detectors. Due to
the length limitations of the NR waveforms we set the start-
ing frequency of the injection set to 30Hz, which is also the
frequency at which the value of eccentricity is specified.
We have chosen the number of performed injections to limit
the computational cost necessary to run the search pipelines.
We note that PyCBC is more expensive than cWB, however
it also allows to achieve higher IFAR values. The largest sub-
set of injected waveforms corresponds to q = 1 nonspinning
with 17317 injections distributed among cases with IDs 1, 2, 3
and 4 in Table I. While the number of injections for the rest of
waveforms has been decreased substantially due to the limited
computational resources available to 3591 for χeff < 0 cases
(IDs 5, 6 and 7), 4723 for χeff > 0 configurations (IDs 8, 9 and
10), 6416 for q = 2 simulations and 4458 for q = 4 simula-
tions (IDs 15, 16 and 17). As a consequence, the equal mass
non-spinning eccentric case provides better statistics and per-
mits to clearly identify the behavior of the sensitivity of both
pipelines for specific values of chirp mass and eccentricity, as
shown in Sec. IV C.
The injection set is constructed using a uniform distribu-
tion in distance scaled by the chirp mass [68]. The total
mass values are uniformly distributed from a minimum value
consistent with the length of the NR waveforms, between
[30 − 50]M for our dataset, to a maximum total mass of
100M.
The orbital eccentricity of the individual injections, defined
at a reference frequency of 30Hz is estimated through Eq.
(2.3). We note that with this method the maximum eccen-
tricity at 30Hz of a given injected NR waveform is given by
the values of the last column of Table I, as these values are
measured at the start of the NR waveforms.
The moderate values of eccentricity considered here are
well-suited for a first study of the sensitivity of gravitational
waves searches to full IMR signals. Furthermore, many astro-
physical models for eccentric binary black hole coalescences
in the frequency band of ground-based detectors predict simi-
lar eccentricity values as those used here [15, 69–71].
C. Effect of eccentricity on search sensitivities
We now turn to discussing the visible range at IFAR thresh-
olds of 10 and 100 years for both search pipelines and the
same injection set. Although matched-filter searches are an
optimal method to search for signals of known morphologies,
in the case of eccentric BBHs computationally efficient wave-
form models describing the full GW signal of eccentric BBH
coalescences have not yet been developed. For this reason it is
Figure 4: The upper (lower) panel shows the sensitivity range for
the cWB and PyCBC search pipelines for equal mass non-spinning,
positive spins and negative spins as a function of eccentricity defined
at 30Hz at an IFAR > 10 years (IFAR > 100 years). The plot markers
are placed in the center of the eccentricity bins.
expected that the quasicircular template bank used by PyCBC
will not be able to detect eccentric BBH events with orbital
eccentricities beyond a certain threshold. On the other hand,
cWB does not require signal models for detection and thus its
sensitivity to eccentric BBH signals is expected to only vary
significantly as a function of signal strength, but only weakly
in terms of other parameters like eccentricity. It should be
noted, however, that cWB is not an optimal method to detect
BBH merger events and thus has lower sensitivity than Py-
CBC for regions of parameter space which are either explic-
itly covered by the PyCBC template bank or where the signal
is otherwise ‘mimicked’ by templates in the bank.
In Figure 3 we exhibit the visible ranges of the PyCBC and
cWB pipelines binned in chirp mass and eccentricity for all
the injected signals. The results show a reduction in visible
range of PyCBC with increasing eccentricity. The steepness
of the reduction of visible range becomes more apparent when
one goes to lower chirp masses; this is due to the fact that
for high chirp masses the number of cycles visible in the sen-
7sitivity band of the LIGO detectors (and hence the inspiral
part of the signal where eccentricity effects are pronounced)
is rather short. One can conclude that for high chirp mass
events with moderate to low eccentricities the PyCBC search
and its quasicircular template bank does not lose much visible
range. This behaviour is contrary to the low chirp mass case
with moderate eccentricities, where the loss in visible range is
substantial.
ID MT [M] DL[Mpc] einj MEcc MQC
9 46.4 277 0.11 0.95 0.86
12 96.4 200 0.04 0.98 0.93
Table II: Summary of the injected signals in Fig. 5. The first column
denotes the identifier of the simulation. The next columns indicate
the total mass, MT , the luminosity distance, DL, the eccentricity, einj,
of the injection, the match between the injected signal and the recov-
ered one by cWB,MEcc, and the match between the injected signal
and the QC template with the same injected parameters,MQC.
Regarding cWB, previous work [28] found that the search
pipeline is almost independent of eccentricity for a given chirp
mass bin. However, the waveforms used in that investiga-
tion [72] were based on geodesics in Kerr spacetime and the
quadrupole formula for energy loss, and significantly less ac-
curate than the NR simulations used here.
We note an interesting feature in the dependency of the
range as a function of eccentricity for cWB for the low-
est chirp mass bin at IFAR> 10 years. The range increases
slightly as a function of eccentricity. This might probably
be attributed to the power content in higher harmonics in ec-
centric BBH signals which is enhanced when the eccentricity
increases. cWB captures the total excess power in the net-
work of detectors and therefore can observe eccentric BBH
events at larger range. However, we note that this particular
small increase in sensitivity is also compatible with a constant
sensitive distance as the values are within the statistical error
bars. We find that our results are robust when changing the
IFAR threshold from 10 to 100 years: sensitivity results for
the higher IFAR choice are shown in the lower panels of Fig.
3. One observes the expected overall decrease of the sensitive
distance of both pipelines with increasing IFAR. Moreover, it
can be noted that the dependence of the visible range on ec-
centricity retains the same features as at IFAR> 10 years for
both pipelines.
In our NR simulations we only have waveforms with mod-
erate eccentricities (e30Hz < 0.3). The subset of spinning wave-
forms is even more restricted in eccentricity values (e30Hz <
0.12). As a consequence, a study of the impact of the effect
of eccentricity and spins is more difficult. In Fig. 4 we show
the sensitive distance for the equal mass spinning and non-
spinning eccentric waveforms as a function of eccentricity for
the chirp mass bin [13, 30] M. As expected, one observes
that PyCBC has larger sensitivity for positive spins than for
negative spins, as for positive spins the matched filter pipeline
can collect more SNR than for negative spins. There is also
a drop in sensitivity for PyCBC with increasing eccentricity,
Figure 5: In the upper and lower panels the whitened detector re-
sponse of LIGO Hanford, H1, in time domain are displayed for an
injected signal corresponding to the waveform with ID 9 and 12 from
Table I, respectively. Some of the parameters of the injected signals
are shown in Table II. In both panels the injected and reconstructed
signals are represented with blue and orange colors, respectively.
while for cWB the small drop in sensitivity is consistent with
statistical error bars. We note here that the results for the spin-
ning waveforms are computed over a smaller number of injec-
tions compared to the nonspinning case, as explained in Sec.
IV B. In addition the small range in eccentricity of the spin-
ning simulation does not allow to identify specific trends for
8the sensitivity as a function of the eccentricity. We point out
that more insightful results could be obtained by increasing
the number of injections and the range of values of initial ec-
centricity of the waveforms, and we leave the study of a large
parameter space of the eccentric non-precessing spin sector,
as well as eccentric spin-precessing systems, to future work.
Finally, we illustrate an example of the robust waveform
reconstruction procedure of cWB [73] applied to eccentric
signals. In Fig. 5 we display the whitened detector response
of LIGO Hanford (H1) to two eccentric injected signals and
the corresponding reconstructed waveforms by cWB, specifi-
cally for injections corresponding to the cases with ID 9 and
12 from Table I, with injection parameters specified in Table
II. We have also calculated the match, defined as the noise
weighted inner product [74], between the injected and recov-
ered signal with cWB obtaining high agreement between both.
The results of the match are also reported for a quasicircular
template waveform computed against the same injected sig-
nals. One observes that the match against the quasicircular
template, calculated using the SEOBNRv4 waveform model
[75], decreases significantly with increasing eccentricity, from
M = 0.93 for ID 12 to M = 0.85 for ID 9, while the drop
in the match against the cWB reconstructed waveform goes
fromM = 0.98 for ID 12 toM = 0.95 for ID 9. For cWB the
match decreases because the signal with ID 9 is longer than
for ID 12, and the reconstruction is expected to degrade the
longer the signal is, while for the quasicircular template the
increase of eccentricity decreases substantially the match due
to the inability to resemble eccentric features in the injected
signal.
It should also be remarked that for cWB as an unmodelled
search algorithm a high match between reconstructed and in-
jected signal does not directly translate into having a high
sensitivity of the pipeline as it is not a matched filter search
pipeline. However, from a waveform modelling perspective it
is still relevant to observe the ability of cWB to reconstruct the
eccentric signal and the inability of the quasicircular template
to resemble the injected signal with increasing eccentricity.
As expected the reconstructed signal degrades after the wave-
form peak, thus, the ringdown is poorly reproduced due to the
decrease in power of the signal. With these examples we want
to illustrate the capability of cWB to recover features of ec-
centric signals, and we leave a thorough analysis of the recon-
struction procedure of cWB applied to eccentric BBH signals
for future work.
D. Comparisons of search sensitivities and astrophysical
implications
In Figure 6 we show the comparison of the visible volumes
of PyCBC and cWB at IFAR thresholds of 10 and 100 years.
Within our injection set PyCBC almost always performs better
than or similar to cWB in terms of visible volume. In the
case of low chirp mass and high eccentricity the situation is
reversed: PyCBC loses sensitivity and cWB becomes more
sensitive, specially at IFAR > 10 years.
In the lower panel of Fig. 6 the comparison in sensitive vol-
Figure 6: In the upper (lower) panel the relative difference in sensi-
tivity volume between the search sensitivity of pyCBC and cWB for
various chirp mass bins is presented as function of eccentricity at an
IFAR > 10 (IFAR > 100) years. The plot markers are placed in the
center of the eccentricity bins.
ume between both pipelines at IFAR >100 years is shown.
One observes that the trends in relative volume between both
pipelines are similar to the case at an IFAR threshold of 10
years, although the error estimates are larger due to the de-
crease in sensitivity of both pipelines with increasing IFAR
values. The results show that PyCBC has a larger sensitive
volume than cWB, even for the low chirp mass bin. However,
with increasing eccentricity the decrease in sensitive volume
of PyCBC and the constancy of the cWB one, make the rel-
ative volume to be an increasing function, which for higher
values of eccentricity is expected to cross zero, as it is the
case at IFAR >10 years.
These comparison results can also be viewed in the light
of coalescence rate. Suppose the coalescence rate of eccen-
tric BBH mergers with eccentricities between (0, 0.3) at 30
Hz is ReBBH; then the number of visible events will be sim-
ply Nevents = ReBBH × ViFAR × Tobs. The relative difference in
the number of detected events will be the same as the relative
difference between the visible volume for the two search algo-
9rithms that we have considered. From this, we can conclude
that at IFAR> 10 years cWB will see ∼10 % more events than
PyCBC if the chirp mass is between [13M, 20M] and the
eccentricity at 30 Hz is between [0.25-0.3].
V. CONCLUSIONS
In this paper we have quantified for the first time the sensi-
tivities of GW search algorithms to eccentric BBH signals,
using NR simulations of eccentric BBH mergers. The ef-
fect of eccentricity on matched filtered searches has only
been studied for inspiral-only waveforms until now [63]; we
have extended those studies to complete IMR signals. The
search range of unmodeled searches for eccentric signals has
been previously investigated with a particular IMR waveform
model [28]; however, that waveform model is far less accurate
than the NR simulations used here.
We have employed two different gravitational wave
searches for BBHs to compare the search sensitivity in terms
of visible volume. The matched filter search PyCBC performs
better than the unmodeled search cWB in most parts of the
limited parameter space that we have considered. Only in the
parameter space region of low chirp mass and high eccentric-
ity does cWB perform better than PyCBC. It should also be
noted that the parameter space that is covered by our NR in-
jections is rather small. Due to the restricted length of the NR
simulations, the parameter space of low chirp mass (Mc <
13) and high eccentricity e30Hz > 0.3 is not yet probed in this
work. This, however, is the most interesting part of parameter
space for eccentric BBHs, with waveform morphologies that
are substantially different than those of quasicircular BBHs.
We plan to investigate this part of parameter space in subse-
quent work, with eccentric hybrid waveforms that combine
NR data with an analytic description of the inspiral, or with
future waveform models for the full IMR signal.
The two search pipelines used here —very different algo-
rithms as described in Sec. III —offer a complementary way
to search for BBH mergers in different parts of the source pa-
rameter space. Constructing a template-based search for ec-
centric BBH will be challenging as the rate of background
triggers increases with the increase of template bank param-
eters. In the light of astrophysical considerations [14, 15],
most of the BBH events observable by LIGO and Virgo are
expected to have eccentricities lower than 0.2 at 30 Hz; this
region of parameter space has been demonstrated to be well-
covered by the PyCBC search, even with a quasi-circular tem-
plate bank. Certain astrophysical scenarios suggest LIGO-
Virgo relevant BBH events with higher eccentricities: for such
sources the cWB search provides decent coverage.
With the expected availability of computationally efficient
and accurate eccentric IMR BBH waveforms models (and/or
eccentric hybrids) in the near future it will be interesting to
probe the low chirp mass and high eccentricity part of the pa-
rameter space, where the modelled search is penalized due to
substantial dephasing between the quasicircular template bank
and the signal.
With future upgrades [76], the detectors’ low-frequency
sensitivity (in the range 24 − 100 Hz) is expected to im-
prove significantly; this will in turn allow a significant gain in
SNR during the inspiral even for BBH systems with relatively
high masses, adding more prominence to detectable inspi-
ral features like eccentricity and penalizing the matched-filter
searches for eccentric BBH even further. With future improve-
ments at low frequencies, the role of un-modeled searches
is therefore expected to become important also for the part
of parameter space which is well-covered by matched-filter
searches at current detector configuration.
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